EDTA in PBS; Gibco), after which trypsin was inactivated by adding serumcontaining culture medium to the cell suspension.
Cell adhesion experiments were performed with unmodified and plasma-treated PTFE films and ePTFE, which were mounted in a test device with 12 wells having test surfaces of 1.5 cm2, essentially as described by van Wachem et a/.". The test surfaces were kept under hype~iltrated water until the beginning of the experiment. After rinsing the wells twice with PBS, endothelial cells, resuspended in 20% human serum-containing culture medium, were seeded into the wells at a density of 60 000/cm2. After 1, 2 and 6 h, the numbers of adherent cells were determined. Before detaching the cells, the wells were washed with serum~ontaining culture medium followed by rinsing with culture medium lacking serum. The adherent cells were detached by adding a known volume of trypsin solution and the suspended cells were counted in a Biirker chamber. In all experiments, adhesion of endothelial cells to the reference surface, tissue culture polystyrene (TCPS) (Costar Europe), was also determined. Contact angle measurements at different sites of the PTFE films treated either with nitrogen or oxygen plasma, showed that the contact angles at various places in the central part (10 x 10 cm) of the films hardly differed from each other; this was the case for each treatment time (data not shown). These central parts of the PTFE films were used for further experiments.
RESULTS

Plasma treatment and contact angles
To obtain a flat surface of ePTFE graft material for contact angle measurements, patches of this material were compressed (543 K; 20 MPa). The mean contact angle of compressed ePTFE material was 104".
Zeta potential
The zeta potentials of unmodified and plasma-treated PTFE films are listed in Tab/e 1. Although the plasma treatment of hydrophobic PTFE films resulted in a drastic increase of the wettability, the zeta potential was hardly influenced. Even after a plasma treatment of 600 s the zeta potential was not much different compared to that of unm~ifjed PTFE. Contact angles were determined by means of the captive bubble method (+ standard deviation; n = 3). Zeta potentials were calculated from streaming potential measurements (k standard deviation; n = 3). 
ESCA
Protein adsorption
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Cell adhesion
In Figures 6a and b, Adhesion of human endothelial cells to plasma-treated PTFE films was strongly enhanced compared to unmodified films. This effect was irrespective of the gas used to generate a plasma. These results are in agreement with those of other investigators, who also found an increased adhesion of cells to more hydrophilic surfaces, obtained by plasma treatment of polymers, compared to unmodified polymers" 31-33. The adhesion of endothelial cells after 6 h incubation to modified PTFE surfaces showing a contact angle between 20 and 45" was comparable with cell adhesion to TCPS, which is known for its excellent cell adhesion properties".
Adsorption of serum proteins and endothelial cell adhesion to plasma-treated PTFE
Modified PTFE surfaces with a contact angle smaller or larger than those of this range also showed increased cell adhesion, compared to unmodified PTFE surfaces, but the numbers of adherent ceils were fewer than found on TCPS after 6 h incubation.
Plasma treatment of PTFE does not only lead to an increased number of adherent endothelial cells, but also to a pronounced morphological change of these ceils. Endothelial cells were well spread on plasma-treated PTFE films after all cell incubation periods, but cells adherent to unmodified PTFE were hardly spread. Modified PTFE surfaces outside the contact angle range of 20-45" sometimes showed detachment of cells, especially after 6 h of incubation. The optimal spreading of endothelial cells on modified PTFE surfaces showing contact angles within the range of 20-45", strongly suggests that endothelial cells are able to proliferate on these surfaces".
Adhesion and spreading on plasma-treated PTFE films was promoted, although a relatively large amount of proteins (IgG, HDL, HSA) adsorbed to these surfaces, which are known to inhibit cell adhesionlg. On the contrary, cell adhesion was absent on untreated PTFE, whilst fewer adhesion-inhibiting proteins adsorbed to untreated PTFE. An explanation of these phenomena may be given in terms of displacement of adsorbed serum proteins by cellular fibronectin.
Endothelial cells require extracellular matrixcompounds such as fibronective for optimal adhesion and spreading. Since relatively small amounts of fibronectin adsorb from 20% serum-containing medium to plasma-treated PTFE and almost no fibronectin adsorbs to unmodified F'TFE ( Figure 5 ), endothelial cells have to deposit their own cellular fibronectin for adhesion and spreading34. However, when endothelial cells are seeded from serum-containing medium, serum proteins such as IgG, HDL and HSA will irreversibly adsorb to the hydrophobic unmodified PTFE35.36. These irreversibly adsorbed proteins will not be displaced by cellular fibronectin, preventing optimal adhesion and spreading of endothelial cells3'. Exchange of adsorbed serum proteins with cellular fibronectin will be possible on more hydrophilic surfaces35, 36, Plasma-treated surfaces with contact angles of 20-45" most probably allow the displacement of adsorbed serum proteins by fibronectin secreted by the cells3'. PTFE surfaces with contact angles <20" probably show completely reversible protein adsorption and the interaction of adsorbed fibronectin with the surface is too weak to support optimal cell adhesion and spreading.
According to van Wachem et a/." endothelial cell adhesion is optimal to moderately water-wettale polymers, which show a contact angle of about 40". From the results of the present study, we assume that the adhesion process is not exclusively governed by the wettability of the surfaces, but also by chemical characteristics. None of the unmodified polymers studied by van Wachem ef a/.", including those which are moderately wettable, supported complete spreading of endothelial cells. Fully spread cells were only seen on TCPS and tissue culture poly(ethylene terephthalate) (TCPET). Cellulose-2.5-acetate differs by only 4" in contact angle from TCPS; nevertheless, the number of adherent cells was <30% compared to the number of cells on TCPS. In our study, and in that of van Wachem et a/." optimal adhesion and spreading was only observed on gas plasma-treated surfaces like TCPS, TCPET and modified PTFE. Recently Pratt eta/.32 showed thattreatment of TCPETwith air plasma also enhanced the adhesion of human adult endothelial cells.
The foregoing suggests that plasma treatment of polymers introduces specific chemical groups into the surface, which not only increase the wettability of the surface, but which also have a specific effect on the interaction of endothelial cells with the surface. The surfaces of plasma-treated polymers, including TCPS2g,32 (and unpublished ESCA data, Costar Europe) as well as our treated PTFE surfaces, are enriched in oxygen and nitrogen ( Figure 3 ). It is likely that oxygen-and/or nitrogen-containing groups are involved in making the surface optimal for endothelial cell adhesion and spreading.
In view of the beneficial effects described of plasma treatment of PTFE films on the adhesion and spreading of human endothelial cells, it is logical to study the possibility of modifying Teflon vascular grafts (ePTFE; GORE TEX) in the same way. The contact angle of compressed ePTFE graft material, which was about loo", indicated that this material had not been surface-treated by the manufacturer. Treatment of expanded PTFE patches with oxygen or nitrogen plasma improved adhesion and spreading of endothelial cells, compared to unmodified patches. Adhesion of endothelial cells to the modified graft material was comparable with adhesion to TCPS, which indicates the feasibility of plasma modification of ePTFE to improve endothelial cell adhesion. The difference in cell adhesion between modified and unmodified ePTFE patches was not as large as that observed in adhesion experiments with modified and unmodified PTFE films. This is probably due to the porous structure of the surface of ePTFE patches, which allows the cells to attach to the unmodified material. Scanning electron micrographs confirmed this, since attachment of aggregates of endothelial cells to the unmodified graft surface was observed. This phenomenon has never been observed on unmodified PTFE films. Though the surface of the ePTFE graft material is porous (internodal distance 22 pm), endothelial cells spread completely on the plasma-treated graft material and covered the pores. Cell spreading on the modified ePTFE patches was much like the spreading of endothelial cells on the luminal surface of a preclotted ePTFE graft, used in canine experiments38,3g.
In conclusion, the present study shows that treatment of PTFE with nitrogen or oxygen plasma improves the wettability of the surface by introducing nitrogen-and oxygen-containing groups into the surface. Adhesion of human endothelial cells from serum-containing culture medium to these plasma-treated surfaces is comparable to cell adhesion to TCPS. Plasma treatment of ePTFE vascular graft material makes the surface optimal for the in v&o adhesion of human endothelial cells. This is promising in view of endothelial cell seeding into ePTFE vascular grafts for use in humans. 
